A novel scheme for the optical generation and coherent detection of tunable narrow-band far-infrared radiation in free space is described. This technique involves the optical heterodyning of two linearly chirped broadband pulses to produce a quasi-sinusoidal intensity modulation at tunable terahertz frequencies. The frequency content of the narrow-band terahertz radiation produced by mixing chirped optical pulses in a nonlinear optoelectronic device such as a photoconducting dipole antenna can be tailored simply by controlling the phase modulation of the optical pulses and the delay between them. An optoelectronic terahertz beam system composed of a tunable narrow-band Hertzian dipole emitter and a synchronously gated tunable dipole detector is presented. The performance of this system as a potentially powerful tool for far-infrared pump-probe spectroscopy and the limitations produced by cubic phase modulation in the chirped optical pulses are discussed.
INTRODUCTION
Over the past two decades a variety of techniques have been developed to generate and detect freely propagating ultrashort pulses of coherent submillimeter-wave radiation by use of subpicosecond optical pulses from modelocked lasers. These techniques use repetitive ultrafast optical excitation to produce either radiative current transients in photoconducting antennas [1] [2] [3] [4] [5] [6] or nonlinear polarization by optical difference-frequency mixing in a variety of nonlinear media. [7] [8] [9] Coupled with phase-coherent detection using synchronously gated photoconducting antennas, these schemes of terahertz (THz) generation have provided powerful tools for time-domain far-infrared (FIR) spectroscopy 10, 11 and THz imaging. 12 The frequency content of the nearly single-cycle freely propagating THz radiation produced by these methods extends to several THz. 13 This implies that other than the inherent limitations imposed by the frequency response of the combination of the emitting photomixer and detector, and the optical bandwidth available, no frequency control of the THz radiation generated is possible.
In spite of the abundance of optical transitions between energy states of various systems such as rotational and vibrational levels of molecules, phonons, and energy gaps in superconductors, spectroscopy in the submillimeterwave region has traditionally lagged behind that in other regions of the electromagnetic spectrum, primarily because of the lack of tunable bright sources and sensitive detectors. This problem has particularly affected the study of nonlinear and transient phenomena in this region. Optical difference-frequency mixing in several nonlinear media such as dielectric crystals and metal vapors 14 has been developed extensively as an efficient technique for generating and detecting tunable coherent FIR radiation. Recent efforts to generate narrow-band microwave radiation optoelectronically with broad tunability for microwave communications applications include cw laser heterodyning in square-law photomixers 15 and high electron mobility transistors. 16 Lowtemperature-grown GaAs photomixers pumped by two cw, tunable, frequency-offset solid-state lasers have been used to generate coherent cw FIR radiation tunable to 3.8 THz with the highest conversion efficiencies to date. 17 The beat signal from a two-wavelength laser diode array has been used to produce extremely narrow-band optical modulation tunable from 0.15 to 7 THz. 18 This scheme relies on the quasi-sinusoidal optical modulation obtained by beating two linearly chirped broadband optical pulses with a variable delay. As elucidated in Section 2, by varying the delay between the two chirped pulses we can essentially tune the beat frequency out to the optical bandwidth available from our mode-locked oscillator. In this paper we describe, for the first time to our knowledge, the use of this chirped pulse beating method to introduce spectral selectivity tunable from ϳ60 GHz to ϳ0.8 THz into photoconducting dipole antennas used both as narrow-band emitters and as phase-coherent tunable detectors. In Section 3 we present our recent experimental investigations of the narrow-band intensity modulation produced by this method using standard optical second-harmonic-generation (SHG) based crosscorrelation measurements. These measurements have enabled us to characterize accurately the effects of chirp nonlinearities in the input optical pulses introduced by our diffraction grating based dispersive line on our scheme of tunable THz generation. A comprehensive study of the performance of our tunable THz beam system, which includes the effects of the frequency response of the independently tunable emitting and detecting dipole antennas, is presented in Section 4. Finally, we conclude with further discussion and an indication of future directions and applications of our technique in FIR spectroscopy.
CHIRPED PULSE BEATING
The basic scheme for producing narrow-band optical modulation at tunable THz frequencies is illustrated in Fig. 1 . A broadband transform-limited optical pulse is temporally stretched by a pair of parallel diffraction gratings so that its instantaneous carrier frequency is linearly swept in time across the output pulse duration. The chirped pulse is then split into two pulses by a 50/50 beam splitter (50% BS), and one pulse is delayed by a variable interval with respect to the other by a Michelson interferometer arrangement. The two collinearly propagating pulses are then recombined in the optical mixer so their spectra overlap in the time domain. If these pulses are linearly chirped, then at each point in time their frequency content differs by a constant beat frequency f 0 , which is directly proportional to the time delay and the amount of frequency chirp in the input pulse. Any square-law photomixer such as a photoconducting antenna or a nonlinear (2) crystal can then convert this quasi-sinusoidal optical modulation into freely propagating pulses of narrow-band THz radiation with a center frequency f 0 , which one can then tune simply by varying the delay .
To illustrate the basic concept involved we consider an optical pulse with a spectrum centered at 0 , with amplitude A(t) and phase (t), whose electric field is given by E in (t) ϭ A(t)exp͓Ϫi (t) Ϫ i 0 t͔. When such a pulse propagates through a linearly dispersive medium, it undergoes a frequency-dependent phase modulation given by 20 
⌽͑ ͒
Here 0 is the group delay at 0 , is the carrier frequency sweep rate, and ␤ is the cubic phase modulation that becomes important in certain cases as discussed below. Our experimental scheme requires us to be able to introduce a controlled amount of linear chirp while keeping the quadratic (i.e., ␤) and higher-order chirp negligibly low. The phase-modulated output pulse is then given by
To be able to perform analytical calculations, we consider a transform-limited optical pulse with a Gaussian envelope of half-width at e Ϫ1 of the peak field and a Gaussian spectrum centered at 0 (rad/s), i.e., E in (t) ϭ E 0 exp(Ϫt 2 / 2 Ϫ i 0 t). Propagation through a linear medium whose dispersion has terms up to only the second order in frequency yields a linearly chirped Gaussian pulse given by
where n ϭ (1 ϩ 4/ 2 4 ) 1/2 is the stretched pulse e Ϫ1 half-width and n ӷ . The output of the Michelson interferometer to which this stretched Gaussian pulse is input is then given by I total (t) ϭ 1/2͉E out (t ϩ /2) ϩ E out (t Ϫ /2)͉ 2 , where is the delay between the two arms. The output intensity can be written as
The first two terms in Eq. (4) are the low-frequency (dc) components of the total intensity given by I Ϯ (t) ϭ E 0 2 (/2 n )exp͓Ϫ2(t Ϯ /2) 2 / n 2 ͔. They correspond to the slowly varying Gaussian envelope of I total (t). The last term is the cross term that contains the quasisinusoidal optical modulation at the beat frequency f 0 (Hz), which is given by Fig. 1 . Schematic of the experimental technique for producing and mixing chirped optical pulses from the Ti:sapphire oscillator in a Michelson interferometer, the output of which was used to generate and detect tunable narrow-band THz radiation.
As can be seen from the Fourier transform of I total (t), the bandwidth (e Ϫ1 full width in hertz) of the optical intensity modulation at f 0 is also proportional to the linear chirp rate and is given by
Hence the power spectrum bandwidth of the intensity modulation is nothing but the optical bandwidth ⌬f opt scaled down by the pulse stretching ratio ( / n ). Also, it should be noted that the cross term falls as exp(Ϫ 2 /2 n 2 ) with increasing delay , and this determines the tuning range of the beat frequency f 0 to be &/, which corresponds to the optical bandwidth of the input pulse. Hence, starting with a linearly chirped optical pulse of width n and a spectral bandwidth of ϳ Ϫ1 , we can generate optical modulation of bandwidth ϳ n Ϫ1 tunable over a range of frequencies from ϳ n Ϫ1 to ϳ Ϫ1 simply by tuning the delay . As discussed in Section 3, the above scheme for generating tunable optical modulation is valid for arbitrarily shaped optical pulses with expressions for f 0 and ⌬f similar to those in relations (5) and (6) .
There are several techniques of introducing controlled amounts of linear frequency chirps in broadband optical pulses that use angular dispersion introduced by linear optical elements such as diffraction gratings and prisms. 20, 21 A compact tabletop setup consisting of a pair of parallel diffraction gratings can be used to stretch ϳ100-fs optical pulses by factors ranging from 10 to 20,000. The negative group velocity dispersion introduced by such a grating pair is given by
where d is the grating constant, ␥ is the angle of incidence of the input beam, and b is the perpendicular separation between the gratings, which can be adjusted for the required pulse stretching factor ( Fig. 1 ). This simple low-loss method of introducing large linear chirps has inherent limitations in that higher-order dispersion terms become significant for large input fractional bandwidths and pulse stretching factors. 20, 22 The cubic phase term in Eq. (1) for the grating pair has been shown to be
The analytical evaluation of the integral in Eq. (2) considering terms up to third order in Eq. (1) for ⌽() for a Gaussian pulse input gives Airy functions 23 and is impossible for arbitrary pulse shapes and higher than cubic phase terms. The temporal evolution of broadband wave packets through strongly dispersive media has been studied analytically with perturbative techniques for solution of the modified wave propagation equation. 24 For the purposes of our calculations we have numerically simulated such propagation by evaluating the phasemodulated optical pulse from Eq. (2), using discrete Fourier transforms of the input electric field. The effect of such higher-order dispersion on the output of the chirped pulse beating process is to broaden the spectral width of the intensity modulation at beat frequency f 0 and to reduce the effective tuning range to a fraction of the input optical bandwidth, as shown in Section 3.
CROSS-CORRELATION MEASUREMENTS
We have experimentally verified the optical intensity modulation produced by beating chirped pulses with a variable delay, using standard nonlinear-optical crosscorrelation techniques. The most common measurement of instantaneous optical intensity in the subpicosecond domain is the second-order correlation function, 25 which utilizes a second-order nonlinearity and is given by
If the duration of probe pulse I 2 (t) is much shorter than that of signal pulse I 1 (t), the above measurement corresponds to sampling the exact waveform of I 1 (t). In our experiments we used ϳ160-fs (FWHM) pulses at 800 nm (⌬ FWHM ϳ 8.3 nm) at a 76-MHz repetition rate from a self-mode-locked Ti:sapphire laser as the input to our pulse stretcher. The stretcher consisted of two parallel 1800-lines/mm gold-coated holographic diffraction gratings oriented ϳ13.6°off Littrow (angle of incidence ␥ ϳ 39.7°), which were double passed after a vertical translation to produce pulses with a FWHM ranging from 20 to 200 ps. The overall throughput efficiency of this stretcher was ϳ75%. The stretched pulse was passed through the Michelson interferometer ( Fig. 1) , the output of which was then cross correlated with the output of the Ti:sapphire oscillator. No active stabilization of the arms of the interferometer was required in either the cross-correlation or the tunable THz generation and detection experiments described in the next section. We performed background-free intensity crosscorrelation measurements, using noncollinear type I phase-matched SHG. 25 The integrated SHG intensity measured as a function of the relative delay between the parallel (type I) polarized signal and probe pulses gives G (2) (), which, in our case, corresponds to I total (t) of Eq. (4). We used a 0.4 mm-thick type I KDP crystal ( pm ϳ 52.7°) in our experiments. The dispersion-limited SHG bandwidth at 800 nm of this crystal is well above the 8.3-nm bandwidth of the probe pulse.
Figure 2(a) shows the results of a typical crosscorrelation measurement for a delay ϭ 3.0 ps between the chirped pulses. The center frequency f 0 , the FWHM bandwidth ⌬f, and the relative amplitudes at f 0 of the intensity modulation produced by chirped pulse beating for various delays were obtained from numerical Fourier transforms of the waveforms recorded. We assumed Gaussian spectra for the fits to the frequency-domain data from the above measurements. Figure 2(b) shows the variation of f 0 and ⌬f with delay , and Fig. 2(c) shows that of the relative amplitudes (I max ) of the peak of the intensity modulation spectra at f 0 .
We carried out numerical simulations using discrete Fourier transforms to obtain intensity modulation waveforms produced by beating chirped pulses with quadratic and higher-order phase modulation produced by the diffraction gratings. Because we are dealing with large stretching ratios of pulses with reasonably high fractional bandwidths, adequate sampling is required in both the time and the frequency domains to avoid errors caused by aliasing effects. Numerical fits to the cross-correlation measurements have assumed Gaussian pulse envelopes for the unchirped pulses. We used the slope of the experimental tuning curve ( f 0 versus ) to obtain a value of the linear chirp factor of ϳ2.72 ϫ 10 23 rad 2 /s 2 , using relation (5). Equation (7) for the quadratic phase modulation of our grating pair then gave an effective separation of b ϳ 13.4 cm. The measured value of b ϳ 13 cm implies that the input to the grating-based dispersive line had a small amount of residual GVD, as can be expected from propagation through various optics. Using our SHG cross-correlation setup, we measured an autocorrelation FWHM of ϳ225 fs for the output of the Ti:sapphire oscillator, whereas a cross-correlation measurement of the stretched pulse gave a FWHM of ϳ93 ps. The above value of works out to a FWHM of ϳ90 ps for a linearly chirped Gaussian pulse with a FWHM bandwidth of ϳ8.3 nm at 800 nm.
Cubic and higher-order phase modulation implies a variation in the instantaneous difference frequency f 0 between the two chirped pulses across the duration of the chirped pulse beating output, I total (t). Although the duration of the stretched pulse is not affected appreciably, this leads to a broadening of the intensity modulation spectrum that increases with delay , as can be seen from the fit to the ⌬f-versus-curve in Fig. 2(b) . However, the variation of beat frequency f 0 with delay remains unaffected. Inclusion of the cubic term in the dispersion equation for phase ⌽() is equivalent to having a phase modulation exp(i␣t 3 ) in the output pulse [relation (3)] for which the cubic phase coefficient ␣ is a function of the frequency-domain pulse parameters ⌬f opt and ␤. The cross term in the total intensity obtained by the chirped pulse beating process in this case [ Eq. (4)] then has a chirped modulation given by I cross (t) ϳ cos(2 f 0 t ϩ 3␣ t 2 ). This implies that the modulation bandwidth ⌬f becomes asymptotically linear with delay , as is clearly evident from Fig. 2(b) , and is proportional to cubic phase ␣ in the chirped pulse.
The value of cubic phase term ␤ in Eq. (1) used for the numerical fit (from the discrete Fourier transform based simulations) is within 2% of the value derived from Eq. (8) for the grating pair. Any excess negative cubic phase that cancels some of the grating pair cubic phase could also arise from the residual phase in the output of the Ti:sapphire oscillator owing to the intracavity optics (e.g., the prism pair 26 ). We observed a change of Ͻ10% in the overall quadratic and cubic phase in our chirped optical pulses from day-to-day operation. Figure 2 also shows the variation of ⌬f with in the absence of a cubic phase term in the grating dispersion equation, which is in very good agreement with relation (6). The shapes of both the stretched pulse and the spectrum of the intensity modu- lation obtained from chirped pulse beating are highly asymmetric for high cubic and higher-order phase distortion.
Another deleterious effect of cubic phase modulation borne out by both the experimental data and the simulation is the decrease in the effective tuning range of beat frequency f 0 . As shown in Fig. 2(c) , the value of I max at f 0 falls off much more rapidly with delay in the presence of cubic phase, and it no longer follows the exp(Ϫ 2 /2 n 2 ) trend as expected in the zero cubic phase case. The increasing spectral broadening of the beat frequency peak in the power spectrum of I total (t) should cause I max ( f 0 ) to fall off roughly as 1/ (ϳ⌬f Ϫ1 ), as can be seen from Fig. 2 . We have also performed simulations using E in (t) ϭ sech 2 (t/ p ) for the same FWHM bandwidth and observed very similar trends (Ϯ2%) in f 0 , ⌬f, and I max ( f 0 ) versus delay . This further demonstrates that the analysis in Section 2 is independent of the shape of the input pulse.
OPTOELECTRONIC TERAHERTZ BEAM SYSTEM
A. Narrow-Band Terahertz Emitters As discussed in Section 1, photoconducting dipole antennas can act as broadband nonlinear photomixers to convert the narrow-band intensity modulation produced by chirped pulse beating into tunable narrow-band FIR radiation. Because the radiated field is directly proportional to the instantaneous optical intensity, 27 we expect the frequency content of the THz radiation produced to follow that of the optical intensity I total (t) incident upon the mixing antenna. 19 The experimental setup used to generate and coherently detect this tunable THz radiation, shown in Fig. 3(a) , is similar to the THz time-domain spectroscopy system of Van Exter and Grischkowsky.
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It consists of identical receiving and transmitting antennas fabricated upon ion-implanted silicon-on-sapphire (SOS). The 20-m-wide dipole structure is located in the middle of 20-mm-long, 20-m-wide coplanar Au-Cr transmission lines separated by 100 m. In the first set of experiments the 5-m-wide photoconductive silicon gap of the transmitting antenna is gated by the output of the Michelson interferometer used to mix chirped optical pulses ( 0 ϭ 800 nm, ⌬ ϳ 8.3 nm), as described in Section 3. Under a dc bias of 20-30 V and a total average optical power of 40 mW (20 mW in each arm of the interferometer) this antenna emits narrow-band THz radiation into free space. This radiated field is then coherently detected after propagation through ϳ40 cm of air by an identical receiving dipole antenna whose active gap is gated by 25 mW of the output of the Ti:sapphire oscillator. Truncated hemispherical lenses of high-resistivity crystalline Si attached to the backs of both the emitter and the detector SOS chips and off-axis paraboloidal mirrors are used to collimate the emitted THz radiation and focus it onto the receiving photoconductive gap. 27 Figure 3(b) shows a typical time-resolved measurement of the radiated field obtained from a 100-m dipole generator-detector combination in which both the THz emitter and the detector were excited by ϳ160-fs-long pulses from the Ti:sapphire oscillator. Figure 3(c) shows a similar measurement obtained for the case of narrowband THz radiation produced by chirped pulse beating in the emitter. In both the cases the average optical power in the pump and the probe beams and the bias on the emitter were identical. The impulse response of the overall THz beam system, which is given by the Fourier transform of the broadband THz field of Fig. 3(b) , is shown in Fig. 3(d) . For the Hertzian dipole antenna, in the limit that the antenna size is small compared with the radiated wavelengths, the radiated field is proportional to the time derivative of the instantaneous photocurrent. The overall photocurrent response function of the emitter is determined by the antenna response, the frequencydependent transfer function of the THz optical system, and the THz absorption by the sapphire substrates and the ambient water vapor. 11, 27, 28 The high-frequency part of this response is limited primarily by the finite rise time of the photocurrent in the emitter; the antenna response, which drops by 50% when the 1/2 wavelength (in the dielectric substrate) of the emitted radiation becomes comparable with the length of the antenna (ϳ0.5 THz for the 100-m dipole); and the nonideal imaging properties of the THz optics. 27, 28 This restriction limits the overall tuning range achievable by use of this system to generate and coherently detect narrow-band FIR radiation to ϳ0.06-0.8 THz. Another factor that limits the signal-tonoise ratio in our experiments is the fact that the peak signal falls by a factor of the order of the pulse stretching ratio ( n / ϳ 800 in our case), as can be seen from Figs. 3(b) and 3(c). We have been unable to improve the highfrequency response of our narrow-band THz system by going to dipole sizes smaller than 100 m because of the rapid decrease in sensitivity of response for the smaller antennas. 27, 28 The center frequency f 0 and the FWHM bandwidth ⌬f of the narrow-band THz field were obtained from Gaussian fits to the Fourier transforms of the waveforms recorded with the setup described above for various delays between the chirped pulses incident upon the dipole emitter. Numerical fits to the observed variation of both f 0 and ⌬f with were calculated for the case of chirped pulse beating in the presence of cubic phase modulation in the dispersive line. The values of the quadratic and the cubic phase terms ( and ␤) used for the numerical fits to this data were within 10% of those used for the SHG cross-correlation data in Fig. 2(b) . To ensure that our emitter was not being saturated as a result of the limitations imposed by the bias field, 27, 29, 30 we verified the linearity of the radiated field with the incident optical intensity.
B. Tunable Terahertz Detection
In the second set of experiments the reciprocal nature of our THz beam system was exploited to incorporate frequency tunability into the receiving antenna instead of into the emitter. We accomplished this by using the narrow-band intensity modulation produced by chirped pulse beating to modulate the conductivity of the detecting dipole. The emitter was pumped by 25 mW of 160-fs pulses from the oscillator and was biased at 30 V, and the detector was gated by the 40-mW output of the Michelson interferometer described above. The average photocurrent in the detector is given by the cross correlation of the radiated field incident upon it, and its time-dependent conductivity convolved with the associated dipole antenna response. 27, 29 The overall system response at any THz frequency can be written in terms of the average photocurrent recorded by the detector as
where H pc () is the photocurrent response function of the emitter and the detector and H THz () includes propagation effects that are due to the THz optical system. 27 By reversing the roles of I pump () and I probe () in the THz time-domain spectroscopy setup used in the previous set of experiments we now have a coherent narrow-band detector whose tunability is limited by its photoconductive response H pc (). It should be noted that this scheme should work equally well for an asymmetric system in which the emitter and the detector have different impulse responses H pc ().
The results of the time-resolved measurements made with the tunable narrow-band detector are identical to those obtained with a broadband detector [ Fig. 3(c) ]. Here again, as shown in Fig. 4(a) , the center frequency and bandwidth of the detected portion of the broadband THz spectrum radiated from the dipole emitter show the expected variation with the delay between the two chirped pulses gating the detector. The values used for and ␤ were within 10% of those obtained in Section 3 from the SHG cross-correlation measurements. Figure 4(b) shows the relative amplitudes of the narrow-band THz spectra detected by our tunable detector at various values of the center frequency (delay ). Inasmuch as the average probe power remains fixed, we expect this narrowband detector frequency response to be a product of the variation of I max ( f 0 ) shown in Fig. 2(c) and the overall THz system response shown in Fig. 3(d) . We obtained reasonable agreement between our numerical calculations of this modified THz system response and our narrow-band THz data for both the tunable emitter and the tunable detector [ Fig. 4(b) ].
Thus we have a complete characterization of the frequency response of our novel tunable narrow-band THz beam system based on chirped pulse beating in either the emitting or the detecting dipole antenna. This system can now be used for narrow-band time-domain THz spectroscopy by use of a train of quasi-sinusoidally modulated optical pulses passing through independent interferometers to gate both the emitter and the detector synchronously. The frequency resolution of this technique is the same as that of conventional Fourier-transform spectroscopy, as they are both based on a scanning delay line whose resolution is determined by the reciprocal of the total time scan.
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DISCUSSION AND CONCLUSIONS
As we have shown above, one can use the mixing of two chirped optical pulses to produce narrow-band intensity modulation whose spectral content can be controlled simply by changing the phase modulation of these pulses and the delay between them. Although our grating pair dispersive line is fairly simple and compact, we faced several problems that were due to cubic and higher-order phase terms introduced into the broadband input pulse. It has been demonstrated that a pair of prisms can be used to compensate for the cubic phase distortion produced by the diffraction gratings. 26 However, to realize such a linear dispersive line would require an accurate measurement of the overall phase modulation in the stretched pulse (e.g., by any frequency-resolved optical gating technique 31 ) so that the quadratic phase could be fixed at a desired value while the cubic phase was simultaneously minimized. With a tabletop apparatus and existing broadband optical sources one could then easily generate intensity modulation of ϳ1-GHz-bandwidth, few megawatts peak power, which would be tunable out to Ͼ5 THz.
To convert this tunable optical intensity modulation into narrow-band FIR radiation efficiently one requires broadband mixers with high quantum efficiencies. In our experiments we encountered a trade-off between optical-to-electrical conversion efficiencies of dipole antennas (which increases with the size of the dipole) and their THz frequency response. 27, 28 We have already demonstrated the use of large-aperture photoconducting antennas pumped by amplified broadband optical pulses as narrow-band THz emitters tunable out to ϳ1 THz. 19 Although photoconductive antennas provide more efficient optical mixers scalable to higher narrow-band FIR powers, their frequency response is inherently limited to a few THz. Optical difference-frequency generation in nonlinear media, e.g., phase-matched differencefrequency generation in dielectric crystals such as lithium niobate 32 can be used to extend the tunability of our narrow-band THz generation scheme. Organic media such as dimethyl amino 4-N-methylstilbazolium tosylate 33 and poled polymers 9 provide low-loss, lowdispersion nonlinear materials ideally suited for both scaling up the narrow-band THz powers and extending the tuning range to the optical bandwidths available.
Another feature of our scheme is the capability of introducing spatial scanning into it. It has been shown that photoconducting antenna arrays require narrow-band intensity modulation for efficient electrical steerability of directional beams of free-space THz radiation. 6 Alternatively, by mixing the chirped optical pulses in our setup at a small angle (␦ ϳ THz / opt ) on the surface of our large-aperture emitter, we can create a spatial intensity modulation that is due to optical interference. The THz radiation emitted can be steered in free space in accordance with the phase-matching condition of the optical intensity grating formed on the surface of the emitter, which is given by sin ␣ max ϭ sin ϩ ͩ opt THz ͪ cos ␦. (11) Here and ϩ ␦ are the angles of incidence of the two chirped pulses on the surface of the large-aperture emit- ter, ␣ max is the direction of the THz output, and opt and THz are the center frequencies of the optical and THz spectra, respectively. As can be seen from Eq. (11), because of the large frequency scaling factor it should be possible to steer the narrow-band THz radiation over large angles by changing ␦ by very small amounts.
One major advantage of using the chirped pulse beating scheme as opposed to cw laser heterodyne is the capability of generating high peak intensities modulated at THz frequencies. This capability can be used to scale up the narrow-band THz intensities to levels that open up new possibilities in high-field experiments in the FIR region. 34 Our technique is simple and robust and does not require active frequency stabilization of our optical source. We believe that the use of stretched optical pulses in conjunction with large-aperture photoconducting antennas can enable us to obtain higher optical-toelectrical conversion efficiencies within a given FIR bandwidth. This capability arises from the possibility of using much higher optical fluences without deleterious saturation effects owing to the bias-field-limited boundary conditions at the surface of the THz emitter. 29, 30, 35 We can expect similar advantages of using chirped pulses for narrow-band optical difference-frequency generation in various nonlinear-optical media to scale up the narrowband THz intensities without the limitations imposed by optical damage.
The THz beam system consisting of the tightly coupled broadband photoconducting dipole emitter and the synchronously gated dipole detector has already been shown to be ϳ1000 times more sensitive than traditional cw Fourier-transform techniques (e.g., bolometer-based interferometry) for spectroscopy in the 0.2-5-THz region. 27 The combination of a tunable narrow-band emitter and a coherent narrow-band detector that we have demonstrated adds certain unique capabilities to the existing time-domain THz spectroscopy system. It permits coherent time-resolved measurement of a selected portion of the broadband THz response of any system under repetitive broadband optical excitation. Further, as we now have the ability to tune the spectral selectivity of the emitter and the detector independently, we can excite and coherently probe a system at two distinct FIR frequencies. As discussed above, it should be possible to improve the spectral brightness of the narrow-band emitter at any given FIR frequency without being limited by nonlinear saturation effects. 35 We believe that the identification and characterization of weak nonlinear interactions, such as harmonic generation in the FIR region, 36 will benefit greatly from such enhanced spectral control of THz generation and detection.
In conclusion, we have demonstrated and carefully characterized a simple technique for producing tunable quasi-sinusoidal optical intensity modulation from existing broadband sources. This chirped pulse beating technique has been used to develop a novel optoelectronic tunable THz beam system consisting of a narrow-band emitter and a synchronous narrow-band detector, both of which can be tuned independently over a wide frequency range in the FIR region. Such a coherent narrow-band THz system provides a powerful tool for pump-probe spectroscopy to study nonlinear interactions in the FIR.
